PURPOSE. To test the hypothesis that vertical asymmetry in macular ganglion cell/inner plexiform layer (GCIPL) thickness can improve detection of early glaucoma.
G laucoma is characterized by progressive loss of retinal ganglion cells and their axons. There is a large body of evidence suggesting that structural changes can be detected several years before measurable visual loss. [1] [2] [3] [4] [5] [6] [7] [8] Improvements in the resolution of OCT has enabled us to measure thickness of retinal layers with a precision of 3 to 6 lm. 9 Performance of regional macular ganglion cell/inner plexiform layer (GCIPL) thickness measurements is comparable to that of peripapillary retinal nerve fiber layer (ppRNFL) thickness for the detection of early glaucoma. [10] [11] [12] Early attenuation of retinal nerve fiber layer or GCIPL thinning in glaucoma is usually greater on one side of the horizontal meridian, most frequently inferiorly. 13 The asymmetry between threshold sensitivities of superior and inferior hemifields on standard automated perimetry is the basis for the glaucoma hemifield test (GHT) 14 used for detection of early glaucomatous field loss. Several studies have evaluated if the vertical asymmetry in full macular or GCIPL thicknesses measured by OCT can serve as a biomarker for early glaucoma. [15] [16] [17] [18] [19] [20] [21] [22] [23] Most have used OCT posterior pole asymmetry analysis (PPAA; Spectralis; Heidelberg Engineering, Dossenheim, Germany) program or global or local measures of vertical asymmetry and showed significant vertical asymmetry in glaucoma patients compared to normal individuals. [17] [18] [19] [20] [21] [22] The goal of the current study was to test the hypothesis that biomarkers of vertical macular thickness asymmetry based on GCIPL measurements can improve discrimination of early perimetric glaucoma from normal subjects.
to the tenets of Declaration of Helsinki. Patients with openangle glaucoma were enrolled in the study if they met the following criteria: age ‡30 years; open angles; visual acuity equal or better than 20/80; refractive error less than 8.0 diopters (D); and astigmatism 3 D. Clinical diagnosis of glaucoma was initially made by a glaucoma specialist at Stein Eye Institute's Glaucoma Division based on the presence of characteristic optic nerve head changes detected on slit lamp funduscopy and/or 3-D disc photographs, presence of RNFL defects on dilated funduscopy, and/or characteristic visual field defects on SAP. The enrolled eyes were later confirmed to have changes consistent with glaucomatous optic neuropathy on review of stereoscopic disc photographs; all eyes had evidence of early glaucomatous field loss (see below). Eyes with evidence of retinal or neurologic diseases were excluded. Normal subjects were recruited by advertising on UCLA's campus-wide website, placing fliers in the clinics, and soliciting spouses and friends of patients examined at the Stein Eye Institute's Glaucoma Clinic. The enrolled normal subjects were required to have open angles, corrected visual acuity of 20/25 or better, normal eye examination, normal visual fields, and lacked definitive evidence of glaucomatous damage at the level of the optic nerve head on review of stereoscopic optic disc photographs by two clinicians (KNM, JAG).
All subjects underwent a thorough eye examination on the day of imaging, including visual acuity, automated refraction, measurement of intraocular pressure (IOP); gonioscopy; slitlamp exam; dilated fundus exam; and standard achromatic perimetry (SAP). Axial length and keratometry were measured with an optical biometer (IOLMaster; Carl Zeiss Meditec, Inc., Jena, Germany). Stereoscopic disc photographs and 200 3 200 macular cubes (Cirrus high-definition [HD]-OCT; Carl Zeiss Meditec, Inc.) were obtained after pupillary dilation. All the images were reviewed afterward by one of the investigators, and images with signal strength <7, obvious motion artifact, or incorrect segmentation were excluded.
A total of 69 eyes from 69 normal subjects and 101 eyes from 101 early glaucoma patients were included in the study. Eyes with visual field mean deviation (MD) equal to or better than À6 dB were considered to have early glaucoma. 24 
Imaging Methods
The 200 3 200 macular cube (Carl Zeiss Meditec, Inc.) consists of 40,000 A-scans in a 6 3 6 mm grid (in an emmetropic eye with axial length of 24.46 mm) centered on the fovea. The raw images were exported and the macular GCIPL layers were segmented by custom software at Carl Zeiss Meditec headquarters and the GCIPL thickness measurements were provided to the investigators in 200 3 200 matrices. The data matrices were centered in relation to the foveal center. Thickness data of the left eyes were flipped to convert them to the right eye format. The 40,000 A-scan measurements were then clustered into a 20 3 20 grid of superpixels (Fig. 1) , and various approaches were explored to compare the superior ) consists of 40,000 A-scan measurements that were clustered into a 20 3 20 grid of superpixels centered on the fovea. Local asymmetry measures were defined based on comparison of the GCIPL thickness on the three corresponding pairs of rows above and below the temporal horizontal raphe including four or eight temporal columns, both individually and in combination. The best performing local asymmetry parameter was the one incorporating the three rows above and below the temporal raphe consisting of eight superpixels. superpixels to their inferior counterparts. The global and sectoral GCIPL thickness measurements were also exported as extensible markup language files.
We used four different methods to compare each pair of superior and inferior superpixels and to obtain an asymmetry index (AI) as below:
1. superior/inferior thickness 2. jlog (superior/inferior thickness)j 3. jsuperior-inferior thickness/max (superior, inferior)j 4. jsuperior-inferior thicknessj Global AI was defined as the grand mean of the asymmetry values in the central circular area (6-mm diameter). 22 To evaluate local asymmetry, we compared AIs based on three corresponding pairs of rows above and below temporal horizontal line singly and in combinations using the abovementioned methods including eight or four superpixels on each row temporal to the fovea (Fig. 1 ). This area is where early glaucomatous damage commonly occurs and roughly corresponds to nasal visual field loss. 25 
Statistical Analyses
Sidak or Mann-Whitney U, and v 2 tests were used for descriptive analyses and for parameter comparisons between groups. Univariate linear regression analysis was used to explore the relationship between AI and age, sex, and axial length. In addition to global asymmetry, performance of local asymmetry measures (with the aforementioned four methods) was explored comparing the three corresponding pairs of rows above and below the temporal horizontal line. Areas under the receiver operating curve (AUC) after logistic regression were estimated to compare performance of global and local asymmetry biomarkers to the best-performing GCIPL parameters for glaucoma detection. Partial AUC (pAUC) at 90% specificity was also compared between groups. All global and local asymmetry analyses used absolute values of the asymmetry indices with methods 2 through 4. For analyses using method 1, if the inferior superpixel was thinner than the corresponding superior superpixel, 1 / AI was used.
Statistical analyses were performed with the commercial software (Stata, version 12.1; StataCorp, College Station TX, USA) and R software (version 3.3.2). All analyses included took into account the difference in age between the two groups. Values of P less than 0.05 were considered as significant.
RESULTS
We enrolled 69 normal eyes (69 subjects) and 101 early glaucoma eyes (101 patients). Table 1 summarizes the demographic and clinical characteristics of the study sample. The normal group was significantly younger than the glaucoma group (P < 0.001). Regression analysis showed no significant relationship between global or local asymmetry measured by any method and age (P ¼ 0.445 and 0.192, respectively for method 2); sex (P ¼ 0.652 and 0.840 for method 2); or axial length (P ¼ 0.08 and 0.08 for method 2) in normal individuals.
The glaucoma asymmetry index with method 2 (jlog (superior/inferior thickness)j) performed best among all asymmetry indices and therefore, all analyses presented here used this method. The global AI was significantly higher in glaucoma group compared to normal eyes (Table 2) . Among the local asymmetry methods, the index combining the three rows above versus the 3 rows below the temporal horizontal line demonstrated the best performance (Table 3 ). All local asymmetry methods using eight temporal superpixels in each row performed significantly better than methods including only four temporal superpixels in the analysis (P < 0.001).
The best-performing local GCIPL thickness parameters for detection of early glaucoma were the minimum GCIPL (AUC ¼ 0.962, 95% confidence interval [CI]: 0.936-0.989) and inferotemporal (AUC ¼ 0.944, 95% CI: 0.910-0.977; P ¼ 0.122) for the difference between the two; Table 3 ). The calculated AUCs for global AIs by all four methods were significantly lower than that of local AIs and sectoral GCIPL thicknesses, (P ¼ 0.007, Table 3 ; Fig. 2 ). The area under the receiver operating curve for the best local AI (i.e., the one combining 3 rows above and below the horizontal raphe) was significantly smaller than that of the minimum GCIPL (P ¼ 0.008), but was not significantly different from the AUC for inferotemporal GCIPL thickness (P ¼ 0.158, Table 3 ).
Combining inferotemporal sector and the best local AI significantly increased the diagnostic performance of infero- temporal GCIPL thickness in early glaucoma (AUC: 0.960 compared to AUC ¼ 0.944 for inferotemporal sector, P ¼ 0.04, Table 3 ) and improved the sensitivity of the combined parameter at 90% specificity from 71% to 93%. Adding the best local asymmetry to minimum GCIPL thickness led only to a small nonsignificant increase in the AUC from 0.962 to 0.965 (P ¼ 0.392, Table 3 ). Global AI also had the lowest pAUC as compared to minimum or inferotemporal GCIPL, and best local AI (pAUC ¼ 0.024 vs. 0.085, 0.081, and 0.065, respectively, P < 0.001 for all pairwise differences between global AI and other parameters). A combination of minimum or inferotemporal GCIPL thickness and the best local AI had higher pAUCs (0.088 and 0.085, respectively) than all individual parameters including minimum GCIPL; however, the difference did not reach statistical significance (P ¼ 0.12 and 0.13, respectively).
DISCUSSION
Our study showed that the performance of vertical GCIPL thickness asymmetry along the horizontal temporal line (based on various global or local criteria) was not as good as the best regional GCIPL thickness measures (minimum GCIPL or inferotemporal GCIPL sector) for detection of early glaucoma; however, combining the best-performing local asymmetry parameter with the inferotemporal sector GCIPL thickness improved performance of macular OCT measures based on AUCs. However, based on the pAUCs at ‡90% specificity cutoff (where it matters most clinically), the combination of local asymmetry and either the inferotemporal or minimal GCIPL thickness had a better ability to discriminate glaucomatous from normal eyes than either thickness measures alone although this difference did not reach statistical significance.
The advent of SD-OCT technology has resulted in significant research endeavors to help diagnose glaucoma at an earlier ‡ AI between the 2nd row above and below temporal horizontal raphe.
§ AI between the 1st row above and below temporal horizontal raphe.
jj AI between combined 3 rows above and below temporal horizontal raphe.
stage before functional loss occurs. In line with this strategy, ppRNFL thickness and various inner macular thickness measurements have been used to improve glaucoma detection. Several studies have shown that measurements of inner retinal layer (IRL) thickness in localized sectors have a better diagnostic performance compared to average macular IRL or full thickness and are comparable to average ppRNFL thickness for detection of early glaucoma. 10, 11, [26] [27] [28] [29] [30] [31] [32] [33] Our study showed that regional GCIPL thickness measures outperformed global and local vertical asymmetry outcome measures. In agreement with some previous reports, our study revealed that a global asymmetry index, which is the average of all asymmetry values across the horizontal meridian, had the worst performance for discrimination of early glaucoma from normal controls. 20 Glaucoma frequently starts as a localized thinning in retinal tissue, which might go undetected by averaging asymmetry measures across the macula. Local asymmetry measures could actually detect regional changes across the temporal horizontal line and performed significantly better than global asymmetry measures in this study. Neither the global index nor local asymmetry indices were affected by age, sex, or axial length and were significantly higher in glaucoma group compared to normal individuals.
There are some reports indicating that intraeye asymmetry between superior and inferior total macular or inner layer thicknesses has equal or greater ability than ppRNFL and ganglion cell complex (GCC) measurements for detection of early glaucoma, [15] [16] [17] [18] [19] [20] [21] [22] although the method used for estimation of asymmetry has varied among such studies. Asrani et al. 17 were the first to customize the macular thickness map of the Spectralis SD-OCT to an 8 3 8 grid centered on the fovea and positioned symmetrically to the fovea-disc axis. Intra-and intereye cell-to-cell comparisons were made using a cutoff value of ‡30 lm and the difference presented as a grayscale grid. This was later implemented as the PPAA program on Spectralis SD-OCT. 17 Seo et al. 18 showed that the diagnostic ability of PPAA for localized RNFL defects was comparable to ppRNFL thickness measurements. In a study by Um et al. 19 exploring the Spectralis posterior pole retinal thickness map, hemifield asymmetry in macular full thickness measurements was evaluated in five corresponding superior and inferior zones similar to GHT in perimetry. The macular hemifield test had significantly higher sensitivity and similar specificity compared to average ppRNFL thickness in early glaucoma, but showed comparable sensitivities and specificities in glaucoma suspects and advanced glaucoma. Diagnostic performance of the macular hemifield test was comparable to sectoral ppRNFL thickness measurements. Sullivan-Mee and colleagues 20 studied inter-and intraeye asymmetry of ppRNFL and macular thickness measurements on Spectralis PPAA for detection of early glaucoma. Intereye asymmetry parameters had the highest diagnostic sensitivities, although RNFL thickness had better overall performance than total macular thickness. Intra-eye macular thickness asymmetry had the lowest sensitivity and lowest AUC of all studied parameters. The authors reported optimal cutoff values of 5 and 9 lm for inter-eye and intra-eye macular thickness asymmetry, respectively. 20 Yamashita and colleagues 21 demonstrated that the symmetry of retinal thickness between upper and lower cells was high in the central and temporal-macular areas but not in the peripheral and nasal macular areas with a range of difference of 3.1 to 23.2 lm. This might be due to lower reproducibility of thickness measurements temporal to the optic disc. 34 In a study of preperimetric glaucoma eyes with only inferior RNFL defects, significant asymmetry in macular thickness was reported compared to normal eyes. 35 Macular symmetry was measured as (inferior thickness/ superior thickness) 3100 on images from Topcon SD-OCT. The authors also reported significantly thinner inferior macular thickness in normal eyes. 35 Yamada et al. 22 showed that asymmetry between upper FIGURE 2. Receiver operating characteristic curves comparing glaucoma diagnostic capabilities of the best local asymmetry index, global asymmetry index, inferotemporal, and minimal GCIPL thicknesses, and combination of the best local asymmetry and regional GCIPL thickness measures.
and lower macular hemifield ganglion cell layer thickness had excellent diagnostic performance for early glaucoma compared to full thickness or inner retinal layer thicknesses in Japanese patients. They devised an asymmetry index based on 10 vertically oriented B-scans performed on the Spectralis OCT according to this formula:
asymmetry index ¼ log 10 lower hemiretinal thickness upper hemiretinal thickness :
Interestingly, the performance of this asymmetry index did not change with severity of glaucoma. Similarly, Kim et al. 23 reported that a local asymmetry approach utilizing differences in GCIPL thickness within 10 pixels above and below temporal horizontal raphe performed better than the best sectoral GCIPL thickness for detection of early glaucoma in a group of Korean patients. In a similar approach to our study, Hwang et al. 36 reported good diagnostic ability of asymmetry analysis in early glaucoma.
We explored various definitions of vertical asymmetry both globally and regionally and compared their diagnostic performance to each other and also to the best sectoral GCIPL thickness. Interestingly, we observed that the simple difference between superior and inferior macular thickness (which is currently in use by Spectralis PPAA) had the worst diagnostic performance among the four methods of asymmetry explored. Other methods had similar AUCs for detection of early glaucoma, although method 2 (similar to the method presented by Yamada et al.) was the best. The contradictory results reported by different studies may be explained by the limitations inherent to imaging devices. Spectralis SD-OCT provides higher resolution and possibly more precise segmentation compared to 200 3 200 macular cube images of Cirrus HD-OCT, but uses the fovea-disc axis as the reference line for vertical asymmetry in PPAA, as opposed to the horizontal meridian in Cirrus OCT; some investigators such as Yamada and colleagues 22 used a specific imaging protocol based on vertical lines perpendicular to the horizontal meridian. The differences in study populations in terms of ethnicity and type of glaucoma may also contribute to disagreement among studies since Asian studies include more normal-tension glaucoma (NTG).
Our study is the first to explore the performance of various global and local GCIPL-based temporal asymmetry measures in a diverse ethnic group of patients in the United States. One reason for the less optimal performance of local or global asymmetry measures in our study sample could be the lower prevalence of NTG in the US population. Only 15% of our study patients were diagnosed as NTG. Normal-tension glaucoma, which results in deep localized defects in central visual field and macular region early in the disease course, 37 could result in significant vertical asymmetry before marked retinal thickness changes are detectable. Therefore, it is possible that the performance of vertical asymmetry measures may depend on the underlying diagnosis and/or population from which the study sample originates. This may explain why Yamada et al. 22 and Kim and colleagues 23 found asymmetry measures to perform much better compared to total or inner retinal thickness measurements for glaucoma detection.
We observed that combining inferotemporal GCIPL thickness and local asymmetry measures significantly improved the diagnostic performance compared to the inferotemporal sector alone (P ¼ 0.04, Table 3 ; Fig. 2 ). Despite the fact that both measures already had large AUCs, their combination led to a significant increase in glaucoma diagnostic capability similar to that of minimum GCIPL. Not every device provides the minimum GCIPL parameter and hence, combining inferotemporal inner macular thickness and local asymmetry measures would actually be an equivalent surrogate for this parameter.
Additionally, when pAUCs were used to compare the performance of various thickness parameters above 90% specificity, not only did the best local vertical asymmetry measure have an equal performance to minimum GCIPL thickness, but also combining the asymmetry measures with either minimum or GCIPL thickness further enhanced performance at high specificity where it is most relevant for early detection of glaucoma-although this difference did not reach statistical significance.
One of the limitations of our study is that the macular images were not specifically designed to identify vertical asymmetry across the temporal horizontal line and hence the resolution of the images was likely less than optimal. It is possible that the performance of macular asymmetry indices will improve as customized algorithms are more widely adopted and the quality of OCT images improves. We assumed that the temporal raphe is approximately aligned with the horizontal line extending temporally from the center of the fovea. It has been shown that temporal raphe greatly varies among individuals and that the raphe-fovea-disc line looks more like a broken line with an average angle of 1708. However, currently, there is no easy way to exactly define the location of the temporal raphe on commercially available OCT images. We were able to investigate only GCIPL thickness asymmetry; however, other than the report by Yamada et al., 22 there is no strong evidence in the literature for the superiority of the ganglion cell layer or GCC measurements to GCIPL thickness measures. In a recent study, Miraftabi and colleagues 38 found that GCIPL actually demonstrated the strongest structure-function relationship among all macular parameter with central visual fields. Our control group was significantly younger than the glaucoma group. To address this age was entered as a covariate in all models. Our study did not include angle closure glaucoma eyes. This potentially limits the generalizability of our study.
CONCLUSIONS
Our study demonstrated that temporal vertical asymmetry in macular GCIPL thickness was comparable to sectoral inferotemporal GCIPL thickness for detection of early glaucoma although minimal GCIPL had the best nominal AUC. The performance of the global asymmetry index was worse than all local vertical asymmetry indices and the best sectoral GCIPL thickness measures. A combination of sectoral GCIPL thickness and the best local vertical asymmetry parameter significantly improved the diagnostic performance of macular images and may be implemented in OCT devices to enhance detection of early glaucoma.
